The highly conserved NendoU replicative domain of nidoviruses (arteriviruses, coronaviruses, and roniviruses) belongs to a small protein family whose cellular branch is prototyped by XendoU, a Xenopus laevis endoribonuclease involved in nucleolar RNA processing. Recently, sequence-specific in vitro endoribonuclease activity was demonstrated for the NendoU-containing nonstructural protein (nsp) 15 of several coronaviruses. To investigate the biological role of this novel enzymatic activity, we have characterized a comprehensive set of arterivirus NendoU mutants. Deleting parts of the NendoU domain from nsp11 of equine arteritis virus was lethal. Site-directed mutagenesis of conserved residues exerted pleiotropic effects. in a first-cycle analysis, replacement of two conserved Asp residues in the C-terminal part of NendoU rendered viral RNA synthesis and virus production undetectable. in contrast, mutagenesis of other conserved residues, including two putative catalytic His residues that are absolutely conserved in NendoU and cellular homologs, produced viable mutants displaying reduced plaque sizes (20 to 80% reduction) and reduced yields of infectious progeny of up to 5 log units. A more detailed analysis of these mutants revealed a moderate reduction in RNA synthesis, with subgenomic RNA synthesis consistently being more strongly affected than genome replication. Our data suggest that the arterivirus nsp11 is a multifunctional protein with a key role in viral RNA synthesis and additional functions in the viral life cycle that are as yet poorly defined.
aBstRaCt
The highly conserved NendoU replicative domain of nidoviruses (arteriviruses, coronaviruses, and roniviruses) belongs to a small protein family whose cellular branch is prototyped by XendoU, a Xenopus laevis endoribonuclease involved in nucleolar RNA processing. Recently, sequence-specific in vitro endoribonuclease activity was demonstrated for the NendoU-containing nonstructural protein (nsp) 15 of several coronaviruses. To investigate the biological role of this novel enzymatic activity, we have characterized a comprehensive set of arterivirus NendoU mutants. Deleting parts of the NendoU domain from nsp11 of equine arteritis virus was lethal. Site-directed mutagenesis of conserved residues exerted pleiotropic effects. in a first-cycle analysis, replacement of two conserved Asp residues in the C-terminal part of NendoU rendered viral RNA synthesis and virus production undetectable. in contrast, mutagenesis of other conserved residues, including two putative catalytic His residues that are absolutely conserved in NendoU and cellular homologs, produced viable mutants displaying reduced plaque sizes (20 to 80% reduction) and reduced yields of infectious progeny of up to 5 log units. A more detailed analysis of these mutants revealed a moderate reduction in RNA synthesis, with subgenomic RNA synthesis consistently being more strongly affected than genome replication. Our data suggest that the arterivirus nsp11 is a multifunctional protein with a key role in viral RNA synthesis and additional functions in the viral life cycle that are as yet poorly defined.
INtRODuCtION
Nidoviruses are enveloped, positive-strand RNA viruses that have been grouped together on the basis of similarities in genome organization, the use of similar strategies for nonstructural and structural protein expression, and the presumed common ancestry of key replicative enzymes 2, 3, 8, 12, 24 . The order Nidovirales currently includes the families Arteriviridae, Coronaviridae, and Roniviridae. Notwithstanding their taxonomic unification, important differences between nidovirus subgroups exist at the levels of genome size, virion architecture, biology of virus-host interactions, and pathogenesis.
Nidovirus RNA synthesis in infected cells entails both amplification of the viral genome and the production of an extensive set of subgenomic (sg) mRNAs, presumably each from their specific negative-stranded intermediates [17] [18] [19] . RNA synthesis is driven by a set of nidovirus enzymes commonly referred to as "replicase", which includes several activities that are rare or lacking in other RNA viruses 23 . The replicase is expressed from the incoming genome by translation of the large open reading frames (ORFs) 1a and 1b into polyproteins pp1a and pp1ab. The latter polypeptide is a C-terminally extended version of pp1a and is derived from a -1 ribosomal frameshift from ORF1a into overlapping ORF1b. The core of the nidovirus replicase polyprotein is formed by a conserved array of enzymatic domains consisting of (from N-to C-terminus) one or more papainlike "accessory proteinases", a chymotrypsin-like "main proteinase", the RNA-dependent RNA polymerase (RdRp), a helicase that contains a N-terminal zinc-binding domain, and an endoribonuclease called NendoU (for Nidovirus-specific endoribonuclease; see below) 11, 24, 39 . For nidovirus replicase polyproteins of over 6,500 amino acids, encoded by Coronaviridae and Roniviridae which have genomes of over 25 kilobases, several additional enzymatic activities have been predicted 9, 23, 35, 37 . The fact that these enzymes have not been found in the proteome of the Arteriviridae, which have smaller genomes of between 12 and 16 kilobases, was linked to the postulated functional hierarchy of the predicted nidovirus "RNA-processing enzymes", with the nidovirus-wide conserved domain (NendoU) playing a key role in the initiation of a cascade of reactions 23 . The replicase polyproteins of equine arteritis virus (EAv), the arterivirus prototype, are autocatalytically cleaved into nonstructural proteins (nsps) 1 to 12 by three proteinases residing in nsp1, nsp2, and nsp4 (for a review, see reference 40 ). The EAv structural proteins are encoded by seven ORFs in the 3' proximal quarter of the genome and are expressed from a nested set of sg mRNAs. These are not only 3' coterminal with the genome but also carry a common 211-nucleotide (nt) 5' leader sequence, which is identical to the 5' proximal region of the genome 5 . The sg mRNAs are produced via a unique mechanism that presumably involves discontinuous extension of minus strand RNA synthesis to produce sg-length minus strand templates for the synthesis of sg mRNAs [17] [18] [19] 22 . The discontinuous step in minus-strand RNA synthesis, during which sequences that are noncontiguous in the antigenome are fused to give the sg-length minus strand RNAs, is guided by a basepairing interaction between complementary transcription-regulating sequences (TRSs) The border between ORF1a-and ORF1b-encoded residues is indicated as RFS (ribosomal frameshift). Gray and black arrows represent the sites that are cleaved by accessory papain-like proteinases (AP) and the main ("3C-like") proteinases (MP), respectively. The proteolytic cleavage products are numbered, and within the cleavage products, the location of domains that have been identified as structurally or functionally related are indicated in black boxes. These include the four nidovirus-wide conserved domains encoded by ORF1b (RdRp, zinc-binding domain [Z] , helicase [HEL] , and NendoU [N]), putative transmembrane domains (TM), coronavirus-specific conserved domains (Ac, X, y, ExoN, and MT), and one SARS-Cov specific insertion (SUD). For details, see references 11, 23, 24, 39 and references therein. Note that the arterivirus and coronavirus polyproteins are drawn to different scales. (B) Sequence alignment of the most conserved regions of the NendoU domain of several nidoviruses with cellular proteins from the XendoU family. Subdomains A (present in all proteins) and B (nidovirus-specific) are indicated. Key conserved residues are shown in bold. in the EAv sequence (bottom line), arrows indicate the amino acids targeted in this study by site-directed mutagenesis; amino acid numbers refer to their position in EAv pp1ab. Abbreviations and accession numbers are as follows: Npun 0562, hypothetical protein of Nostoc punctiforme, ZP_00106190; Poliv smB, pancreatic protein of Paralichthys olivaceus, BAA88246; Celeg Pp11, placental protein 11-like precursor of Caenorhabditis elegans, NP_492590; Xlaev endoU, endoU protein of Xenopus laevis, CAD45344; SARS-Cov, NC_004718; HCov-229E, human coronavirus 229E, NC_002645; TGEv, transmissible gastroenteritis virus, NC_002306; MHv-A59, mouse hepatitis virus A59, NC_001846; BCov-LUN, bovine coronavirus LUN, AF391542; iBv-B, avian infectious bronchitis virus Beaudette, NC_001451; ETov, equine torovirus, X52374; LDv-C, lactate dehydrogenase-elevating virus type C, NC_002534; PRRSv-Lv, porcine reproductive and respiratory syndrome virus, strain Lelystad, M96262; PRRSv-vR, porcine reproductive and respiratory syndrome virus, strain ATCC vR2332, AAD12125; SHFv, simian hemorrhagic fever virus, NC_003092; and EAvB equine arteritis virus strain Bucyrus, NC_002532. present at the 3' end of the nascent minus strand (anti-body TRS) and in the leader region of the genomic template (leader TRS) 17, 27, 32 . Four conserved domains, residing in proteins currently known as nsp9 to nsp11, were originally identified when the EAv ORF1b-encoded polypeptide was compared to its coronavirus and torovirus counterparts 8 ( Fig. 1A) : the RdRp in nsp9, a putative multinuclear zinc-finger and RNA helicase domain that are combined in nsp10 20, 21 , and a nidovirus-wide conserved domain in the C-terminal part of nsp11 (between His-2961 and Phe-3039, using the pp1ab amino acid numbering). This latter domain has no known homologs in other groups of RNA viruses and thus it can be regarded as a genetic marker of the Nidovirales. A distant relationship between this nidovirus-specific domain and a family of cellular proteins prototyped by a Xenopus laevis endoribonuclease (XendoU) 15 , was recently identified 23 . XendoU is a Mn 2+ -dependent RNase that cleaves at U stretches and releases 2'-3'-cyclic phosphodiester products upon the processing of intron-encoded small nucleolar RNAs 15 . its nidovirus homolog was dubbed "NendoU" 13 and using SARScoronavirus and three other coronaviruses, two groups independently verified the in vitro endoribonuclease activity of the coronavirus nsp15 replicase subunit, which contains the NendoU domain 1, 13 . Also, coronavirus NendoU was shown to be Mn 2+ dependent, produce molecules with 2'-3' cyclic phosphate ends, and cleave upstream and downstream of uridylates in GU or GUU sequences. ivanov and colleagues 13 reported a preference of NendoU for double-stranded over single-stranded RNA molecules, but a slight preference for single-stranded RNA was claimed by Bhardwaj and colleagues 1 . Three residues (His-162, His-178, and Lys-224 in XendoU) that are absolutely conserved in proteins of the XendoU/NendoU family were implicated in catalysis 10, 23 . Their replacement was not tolerated in coronavirus NendoU 13 and XendoU 10 . Using an infectious cDNA clone of human coronavirus 229E (HCov-229E), a single substitution of a conserved NendoU Asp (Asp-6408; Fig. 1B ), which also abolished endonuclease function in the in vitro assay, was found to completely block viral RNA synthesis and virus production 13 . This amino acid and a second conserved Asp residue (Asp-6435 in HCov-229E; Fig. 1B ) reside in the C-terminal part of the NendoU domain, which is well conserved in all nidoviruses, but cannot be confidently aligned with the corresponding region in the cellular homologs (see below).
To obtain more information on the role of NendoU in the life cycle of nidoviruses in general and of arteriviruses in particular, we performed an extensive site-directed mutagenesis study. Using our EAv reverse genetics system, the domain was partially or completely deleted and a variety of point mutations were introduced at the position of key conserved residues, including those presumably involved in catalysis. Mutants were tested for genome and sg RNA synthesis and, when viable, production of progeny virus. Whereas deletions and certain point mutations blocked all detectable viral RNA synthesis, other substitutions resulted in attenuated but viable virus mutants. A more detailed analysis of the latter mutants suggested a specific link between the NendoU domain and viral sg mRNA synthesis.
mateRIals aND methODs mutagenesis of nsp11 in the eav full-length cDNa clone
Mutations in the EAv nsp11 NendoU domain were introduced in an appropriate shuttle vector by standard site-directed PCR mutagenesis as described by Landt et al. 14 . Restriction fragments containing the desired mutations were transferred to pEAv211, a wildtype (wt) EAv full-length cDNA 26 , after which all PCR-derived sequences were verified to exclude the introduction of unwanted additional nucleotide changes. The mutations engineered in the nsp11-coding region are listed in Table 1 . pEAv211 was used as the wt control in all experiments. The NendoU deletion mutant was constructed by mutagenesis PCR, using a sense primer in which nucleotide 9091 was fused to nucleotide 9338 of the EAv genome, thereby making an in-frame deletion of the sequences encoding pp1ab residues His-2963 to Asp-3038. Similarly, mutants lacking the N-terminal part (His-2963 to Lys-3007) or the C-terminal part (Ser-3011 to Asp-3038) of the NendoU domain were constructed. The PCR products containing the deletions were transferred to pEAv211 using appropriate restriction sites.
RNa transfection, eav infection, immunoprecipitation and immunofluorescence analysis
Baby hamster kidney (BHK-21; ATCC CCL10) cells were electroporated with in vitro derived RNA transcripts of wt and mutant EAv full-length cDNA clones, as described previously 29 . infection of BHK-21 cells with EAv-containing supernatants harvested after transfection, 35 S-labeling of protein synthesis, and immunoprecipitation analysis of transfected cells were performed by using the methods of de vries and colleagues 6 . To ensure the quantitative nature of the immunoprecipitation, lysate and antiserum were titrated and it was confirmed that all of the target protein had been precipitated by performing a control reimmunoprecipitation on the supernatant of the primary immunoprecipitation. immunofluorescence analyses with EAv-specific antisera against nsp3 (98E3) and N (Mab 3E2) were performed according to van der Meer and colleagues 28 . To monitor and compare transfection efficiencies, cells were labeled with anti-nsp3 serum 98E3 and Hoechst 33258 (1 μg/ml final concentration) to stain nuclei 17 . For plaque assays, subconfluent monolayers of BHK-21 cells were infected with 10-fold serial dilutions of wt or mutant EAv. Following a 1-h incubation, a 1% agar overlay was applied and cells were incubated at 39.5°C. Plaques were stained with 0.75% (w/v) crystal violet 4 days postinfection. To test nonviable mutants for a possible temperature-sensitive phenotype, plaque assays were also performed at 34°C.
RNa isolation and analysis
intracellular RNA was isolated by using the acidic phenol method as described by van Marle and colleagues 32 . RNA was separated in denaturing agarose-formaldehyde gels and detected by hybridization to a 32 P-labeled probe E154 (5'-TTGGTTCCTGGGTGGCTAATA-ACTACTT-3'), which is complementary to the 3' end of the EAv genome and recognizes the genome and all sg mRNAs. Phosphorimager screens were exposed to the hybridized gels and scanned with a Personal Molecular imager FX (Bio-Rad). Band intensities were quantified with Quantity One v4.2.2 software (Bio-Rad).
The presence of the original NendoU mutation(s) in progeny virus was verified in the following way: supernatant harvested at the indicated time point was used to infect fresh BHK-21 cells. At 24 h post infection, total RNA was isolated and used in reverse tra,scription (RT)-PCR experiments with E533 (5'-CAATCACAGAAATAGCAAAATCAGC-3'; nt 9799-9823) as antisense primer for the RT and PCR and E519 (5'-CGAGGAAAAGTTT-GCCGCCGC-3'; nt 9082-9102) as sense primer for PCR. The PCR-products were purified and sequenced directly using standard protocols.
Results

Deletion of the eav Nendou domain is lethal
The boundaries of EAv nsp11 are Ser-2838 and Glu-3056 (using pp1ab numbering) 30 , with residues His-2961 to Phe-3039 forming the conserved 78-residue core of the NendoU domain. An alignment of the EAv NendoU domain with cellular and nidovirus homologs is shown in Fig. 1B . As explained in the introduction, the N-terminal part (His-2963 to Ser-3011; subdomain A) is conserved across the XendoU/NendoU family and contains the EAv equivalents (His-2963, His-2978, and Lys-3007) of the putative catalytic residues identified in XendoU (His-162, His-178, and Lys-224) 10 and HCov-229E nsp15 (His-6345, His-6360, and Lys-6401) 13 . However, the C-terminal 30 residues (subdomain B) of the NendoU domain appear to be specific for nidoviruses and include two conserved Asp residues (Asp-3014 and Asp-3038), which were found to be equally indispensable for in vitro endoribonuclease activity 13 . Moreover, a reverse genetics experiment showed that an Asp-6408→Ala substitution completely blocked Hcov-229E RNA synthesis 13 . As an initial test of its importance for EAv replication, in-frame deletion mutants of the EAv NendoU domain were engineered and transferred to the infectious cDNA clone Formally, detrimental effects of these deletions (and other lethal mutations; see below) at the level of pp1ab proteolysis cannot be excluded even though their C-terminal border was relatively distant from the nsp11/12 cleavage site. Unfortunately, straightforward analysis in a trans-cleavage assay of the replicase processing event at the nsp11/12 junction was previously found to be impossible 30 . On the basis of the alignment presented in Fig. 1B , both absolutely and less-conserved residues of EAv NendoU were targeted by site-directed mutagenesis and reverse genetics ( Table 1) . Each of the five invariant residues was replaced by Ala and one or two additional conservative substitutions. Also some less conserved and variable residues were replaced as a control for the alignment and to confirm that amino acid substitutions in general could be tolerated in this part of the polyprotein. Mutations were introduced into an EAv infectious cDNA clone and, after electroporation of in vitro-transcribed RNA, virus viability was analyzed at different time points after transfection. The initial screening was done on the basis of a double immunofluorescence assay for replicase subunit nsp3 and the nucleocapsid (N) protein, which can be used as markers for the synthesis of genome and sg mRNA7, respectively 31 . Cell culture supernatants were harvested around the end of the first replication cycle (19 h posttransfection) and tested in a plaque assay for the production of infectious virus progeny. Table 1 summarizes the mutations that were tested and the results of the first-cycle analysis that were obtained from two independent transfection experiments.
Both conserved asp residues in Nendou subdomain B are critically involved in arterivirus RNa synthesis
We first probed the importance of the pair of Asp residues (Asp-3014 and Asp-3038) in subdomain B that are fully conserved in the NendoU domain of all known nidoviruses. Both conservative (Asp→Asn or Asp→Glu) and non-conservative (Asp→Ala) substitutions were tested, but none of these were tolerated. in a first-cycle analysis, no sign of nsp3 or N protein synthesis was detected in immunofluorescence assays of transfected cells and the production of infectious progeny virus could not be demonstrated in plaque assays (Table 1) . Ser-3030 of EAv NendoU is the third subdomain B residue that is fully conserved in all nidoviruses. Also, this amino acid was replaced with Ala and, more conservatively, with Thr and Cys. in all three cases, replication of the mutant virus was significantly reduced, with a plaque size that was 30-60% compared to that of the wt control (termed "intermediate size" in Table 1 ) and virus titers being 10-to 100-fold reduced. Another Ser residue that was probed, Ser-3011 of EAv NendoU, is located at the border between subdomains A and B. A Thr residue is found at this position in some cellular proteins of the XendoU family and in all nidovirus homologs, with the exception of SARS-Cov (Fig. 1B) . To probe the importance of this residue and to corroborate the quality of the alignment in Fig. 1B , Ser-3011 was replaced by Thr. This indeed produced a mutant virus with a phenotype that could not be discriminated from that of the wt control, both in terms of virus titer that was obtained and in terms of plaque size. in contrast, substitutions of the Ser-3011 residue by Ala or Cys were less well tolerated: replication of these mutant viruses was delayed, plaques were 60-80% of the wt size, and virus titers were ~100-fold reduced. Taken together, our data confirmed and extended the general importance for nidovirus RNA synthesis of NendoU subdomain B, and in particular its pair of conserved Asp residues.
substitution of putative catalytic residues in Nendou subdomain a is not lethal Obviously, the EAv equivalents (His-2963, His-2978, and Lys-3007) of the three residues previously implicated in XendoU/NendoU catalysis (see above) were primary targets for site-directed mutagenesis of subdomain A. Both His residues were replaced with Ala or Gln, whereas Lys-3007 was substituted with Ala, His, or Arg. However, none of these seven substitutions was lethal, although all mutant viruses were severely impaired compared to the wt control. irrespective of the replacement used, plaque sizes were reduced to approximately 20% of the wt plaque size and virus titers in the order of 10 2 to 10 3 PFU/ ml were measured in transfected cell culture supernatant harvested at 19 h posttransfection, a reduction of 4 to 5 log compared to the wt virus. The reduced plaque size is illustrated in Fig. 2 for mutants His-2963→Gln and His-2978→Ala. There was no apparent synergistic effect of combining the Ala substitutions of both conserved His residues into a double mutant (mutant H2963A/H2978A): this virus displayed a similar small plaque size phenotype, and also produced ~10 2 PFU/ml by 19 h posttransfection. To verify the presence of the original mutations in the progeny of the mutants, fresh BHK-21 cells were infected with transfection supernatants harvested after 46 to 72 h. intracellular RNA was isolated from these infected cells after 24 hours, and the direct sequence analysis of RT-PCR products derived from this material confirmed that reversion to the wt residue had not occurred for any of the mutants with small plaque sizes. in fact, the two His→Ala mutations in this double H2963A/H2978A mutant were found to be stable for up to 10 passages in BHK-21 cells (data not shown). in conclusion, although the substitution of equivalent residues in both XendoU and coronavirus NendoU reduced in vitro endoribonuclease activity to undetectable levels 10, 13 , our in vivo data revealed that EAv mutants carrying such mutations are capable of a consistently low but significant level of replication. in addition to the replacement of the conserved subdomain A residues, several additional EAv NendoU residues were targeted, mainly as controls for the alignment and the substitutions described above. Replacement of Lys-3004, serving as a control for Lys-3007 mutagenesis, did not have any effect on virus viability, irrespective of whether Ala, His, or Asn was introduced. Also, substitution of a Ser residue (Ser-2982→Ala) that is fully conserved in Arteriviridae but not in Coronaviridae proved to be neutral with regard to virus replication. A final control substitution, replacement of the charged Asp-2992 by Ala, resulted in a nonviable virus. However, upon closer inspection of the alignment (Fig. 1B) , we decided to also replace this residue with Gly (present in the mouse arterivirus lactate dehydrogenase-elevating virus) and Asn (which is more conservative compared to the Glu or Gln present at this position in most other nidoviruses). Both the Asp-2992→Gly and the Asp-2992→Asn mutant proved to have wt phenotype. Since, in contrast to Ala, both Gly and Asn frequently reside in β-turns, this result suggests that this property may be important for the residue at this position. in summary, the EAv system was found to tolerate the substitution of three (putative) active site residues of NendoU which have been absolutely conserved throughout nidovirus evolution. Although replication of these mutants was profoundly impaired, as evident from reduced progeny titers and smaller plaque sizes, this phenotype was in clear contrast with that described above for the mutants carrying substitutions of the pair of conserved Asp residues in subdomain B.
selective reduction of subgenomic RNa synthesis in mutants with a reduced plaque size
The intracellular RNA synthesis of selected mutants was analyzed by isolating total RNA from transfected BHK-21 cells at 13 h post electroporation, which, in electroporation experiments, approximately equals the peak of RNA synthesis during the first cycle of replication. The viral genome (RNA1) and sg mRNAs (RNAs 2 to 7) were separated in agarose gels and visualized by hybridization. No virus-specific RNAs were detected for the nonviable or quasi-viable Asp-3014 and Asp-3038 mutants (data not shown). in line with its previously described wt phenotype, an RNA pattern very similar to that of wt virus was observed for the Ser-3011→Thr mutant. All other mutants analyzed, including those with substitutions at the positions of His-2963, His-2978, and Lys-3007, showed a modest but significant reduction of viral RNA synthesis compared to the wt control (Fig 3A) .
The relative amounts of genomic RNA and the three most abundant sg mRNAs (mRNAs 2, 6 and 7) were quantified by phosphorimager analysis. When the amount of genome RNA in each lane was set at 100%, the usual value of between 2:1 and 3:1 was obtained for the ratio of sg mRNAs versus genome RNA in the wt control and mutant S3011T, which has a wt phenotype (Fig. 3B) . However, in all other mutants, a specific reduction of sg mRNA synthesis was detected. This effect was most prominent in the mutants that produced the smallest plaques, i.e. those with substitutions of His-2963, His-2978, Lys-3007, and the His-2963/His-2978 double mutant. The reduction of sg mRNA synthesis was less striking but still consistently observed for the Ser-3011 and Ser-3030 mutants, which had an intermediate plaque size (Table 1) .
To make it possible to monitor viral RNA synthesis beyond the end of the first replication cycle, and without virus spreading to initially untransfected cells, we engineered mutants that were negative for virus production. These constructs were based on the previously described ORF6 knock-out mutant (ΔORF6) 16 , which lacks membrane (M) protein expression and therefore is unable to produce progeny virus 36, 38 . We transferred the NendoU His-2963→Ala/His-2978→Ala double mutation and the Lys-3007→Ala single mutation to the ΔORF6 backbone and compared RNA synthesis to that of the parental ΔORF6 mutant, which contains a wt replicase gene. viral RNA synthesis was analyzed at 15, 18, 21, and 24 h post transfection and a selective reduction in sg mRNA synthesis was again observed for both NendoU mutants at all four time points (data not shown). This indicated that the earlier measurements (Fig. 3B) were not likely to be compromised by the possibility that sg RNA synthesis of these generally impaired NendoU mutants simply lagged behind. Compared to the wt control, these mutants consistently underproduced sg mRNAs, suggesting the direct or indirect involvement of NendoU in a process that is relatively more important for sg mRNA production than for genome RNA synthesis. Structural protein synthesis was studied in more detail for a selection of mutants (Fig. 4) . immunofluorescence analysis confirmed that N protein expression of mutants with small and intermediate plaque sizes was reduced and lagged behind. Whereas all cells in the wild-type control were double-positive for replicase and N protein at 13 h post transfection, many cells transfected with the mutants were fully positive for replicase, but either still negative or only weakly positive for the N protein (Fig. 4) . Only at 20-24 h posttransfection all cells had become clearly double-positive for both marker proteins (data not shown). in a combined RNA and immunoprecipitation analysis at 13 h posttransfection (Fig. 4) using samples from equal numbers of transfected cells, the amounts of sg RNA 6 and 7 accumulated by the small plaque mutants His-2963→Ala and Lys-3007→Arg and intermediate plaque size mutant Ser-3011→Ala was compared to the synthesis of the corresponding structural proteins M and N. Proteins were 35 S-labeled from 9 to 13 h post transfection and immunoprecipitated with monospecific rabbit antisera 6 . Compared to the wild-type control, the structural protein synthesis of the three mutants was clearly reduced but not to an extent that would readily explain the large differences (up to 5 log) in infectious progeny titers. When comparing mutants with small and intermediate plaque sizes (showing differences of 2 to 3 log units in infectious progeny titers), sg RNA and structural protein levels of the latter were found to be threefold higher at most. Finally, an anti-nsp11 serum was used to confirm that small and intermediate plaque size mutants produced similar amounts of cleaved nsp11 compared to the wild-type control (data not shown), making it unlikely that an nsp11 processing defect is the explanation for the phenotypes of these mutants.
DIsCussION
Pleiotropic effects upon eav Nendou mutagenesis
in the wake of the 2003 SARS outbreak, the increased interest in the giant and poorly characterized coronavirus replicase triggered an in-depth (re)analysis of the nonstructural proteins of SARS-Cov, other coronaviruses, and other nidoviruses. As a direct result, the domain previously referred to as "conserved C-terminal nidovirus-specific domain" 8 was predicted and proven to have endoribonuclease activity 1, 13, 23 . Using a HCov-229E reverse genetics system, ivanov and colleagues 13 showed that a single Asp→Ala mutation in the nidovirus-specific subdomain B of NendoU completely blocked viral RNA synthesis. Thus, they provided the first experimental evidence for the expected key role of the highly conserved, though nidovirus-specific, NendoU domain in the viral life cycle.
in the present study, using the reverse genetics system for the arterivirus EAv, we have considerably extended and refined the in vivo analysis of NendoU function. As previously concluded by ivanov and colleagues, the results obtained with NendoU deletion mutants and certain subdomain B point mutants indicated that NendoU is critically involved in general nidovirus RNA synthesis. Although the replacement of one of three putative catalytic residues in subdomain A also exerted a major effect on general virus viability, it was somewhat surprising that only a modest effect on viral genome and sg mRNA synthesis was observed for these mutants (Fig. 3) , raising new questions on the role of the NendoU domain in the nidovirus life cycle.
Formally, we cannot exclude (fundamental) differences between the role of NendoU in coronaviruses and arteriviruses and the possibility that equivalent mutations may produce different phenotypes in different systems. Reverse genetics data on coronavirus NendoU mutants carrying replacements of the conserved His and Lys residues in subdomain A have not yet been described. Nevertheless, the result obtained with the single HCov-229E Asp mutant that was tested 13 was identical to that obtained with the corresponding mutant in the EAv system. On the arterivirus side, it is unfortunate that we have not yet succeeded in establishing an in vitro NendoU assay for EAv. This is due to complications during protein expression in E. coli, which apparently tolerates the expression of large amounts of an Asp3014→Ala mutant protein, but not of the wt EAv nsp11 (data not shown). Although the experimental proof that EAv nsp11 indeed possesses endoribonuclease activity is lacking, all residues reported to be important for the in vitro NendoU activity of its coronavirus ortholog are conserved in arteriviruses (Fig. 1B) . Thus, we consider it unlikely that this activity would ultimately turn out to be lacking in arterivirus nsp11.
Is the function of Nendou uniform in the life cycle of different nidoviruses?
it is perhaps remarkable that replacements of the most conserved residues in the XendoU/NendoU protein family fully blocked the in vitro endonuclease activity but were not lethal for EAv in the reverse genetics approach used in this study. Arguably, this apparent contradiction may reflect the higher sensitivity of the in vivo assay compared to the in vitro system as employed by ivanov and colleagues 13 . in the latter assay, replacement of the pair of His residues and the Lys in subdomain A and the pair of Asp residues in subdomain B yielded equally inactive enzymes. However, it is highly unlikely that NendoU (or XendoU) mutants with very low, but different residual activities (e.g. 1% or less of the wt activity) can be discriminated using this type of experiment. in contrast, our biological assays, and in particular the quantification of infectious progeny virus produced by the mutants, allowed us to establish differences of up to 5 log (Table 1) and can thus be considered to be more sensitive. Consequently, one explanation for the phenotypic differences between the Asp mutants and the His/Lys mutants would be a higher residual endoribonuclease activity of the latter, which would suffice to support a certain reduced level of virus replication. This explanation would imply that the Asp residues in subdomain B, which are lacking in the cellular branch of the XendoU/NendoU family, play a more important role in NendoU function than the fully conserved His and Lys residues in subdomain A, which were proposed to have a catalytic role on the basis of experimental data and theoretical considerations relating to the reaction mechanisms of other ribonucleases 10 . Despite the common ancestry of arterivirus and coronavirus replicases, the polyprotein of coronaviruses is considerably larger and in addition to NendoU harbors a series of other putative RNA-processing activities with possibly interconnected functions 23 . it should also be noted, as observed previously by de vries and colleagues 7 , that the NendoU domain is associated with a different N-terminal domain when coronavirus nsp15 and arterivirus nsp11 are compared. Within the currently defined NendoU domain, the role of subdomain B and its pair of conserved Asp residues is intriguing. Gioia and coworkers 10 suggested that the two NendoU Asp residues might be the equivalents of two XendoU Glu residues (Glu-161 and Glu-167) which were proposed to participate in catalysis on the basis of mutagenesis studies. However, these two amino acids more or less flank the first conserved His residue (His-162 in XendoU) and thus occupy a completely different position in the primary structure of the protein compared to the pair of conserved Asp residues in NendoU subdomain B. Clearly, structural information for both cellular and nidoviral representatives of this novel endoribonuclease family will be required to understand the domain composition and catalytic mechanism of the enzyme, and the specific role of subdomain B in the viral subgroup. At present, it should even be considered that the latter domain, although structurally adjacent to NendoU, could be functionally separated and fulfill a different role that might be the basis for some of the phenotypic differences observed in our collection of EAv mutants.
Dissecting the role of Nendou in the eav life cycle
The pleiotropic effects observed upon EAv NendoU mutagenesis and their analysis using the complex system of a replicating RNA virus in its host cell make it difficult to assess at how many levels NendoU may actually influence EAv replication. Clearly, specific deletions and mutations in NendoU can abolish all viral RNA synthesis, supporting a general and critical role in this process. Furthermore, we observed a stronger reduction of sg mRNA synthesis compared to genome synthesis in a subset of the mutants, but these findings could also be attributed to the former process being more sensitive to a general debilitating effect of NendoU mutagenesis on virus viability. Still, it appears that the His-2963/His-2978/Lys-3007 mutants form a separate group and that these mutations exert a consistently stronger effect on sg RNA synthesis than e.g. substitutions of Ser-3011 or Ser-3030 (Fig. 3B) . Also in terms of the production of infectious virus progeny (virus titers and plaque size) these mutants appear to segregate into two clusters (Table 1) .
When comparing the wt virus, the intermediate plaque size mutants (replacements of Ser-3011 and Ser-3030), and the small plaque size mutants (replacements of His-2963, His-2978, and Lys-3007), it appears that relatively small differences in RNA synthesis (certainly not more than 10-fold; Fig. 3 ) are translated into unexpectedly large differences in virus production (up to 5 log units) ( Table 1) . These findings could be interpreted to imply that NendoU has an additional function downstream of viral RNA synthesis, for example, in a pathway leading to virion assembly. However, it should also be noted that little is known about the process in which the seven EAv structural proteins, expressed from six sg mRNAs that are each made in constant but different quantities, interact to encapsidate the viral genome and form a virus particle 36 . in particular, it is unclear whether the availability of any of these proteins is a rate-limiting factor for the assembly process. Therefore, it certainly cannot be excluded that a relatively small reduction in the synthesis of one or multiple sg mRNAs and a corresponding change in structural protein expression (Fig. 4 ) could actually cause a disproportional, much larger reduction in the production of infectious progeny. in view of its conservation in and specificity for the order Nidovirales, the NendoU domain was proposed to be involved in a nidovirus-specific, conserved function. The synthesis of sg mRNAs, a hallmark of nidoviruses, is an example of such a function 4, [17] [18] [19] 34 and, based on the consensus sequence of the regulatory TRS motif, ivanov and colleagues 13 proposed a role for the enzyme in the attenuation step during discontinuous sg minus-strand RNA synthesis. However, the EAv data presented in this study do not support a critical role for NendoU in sg RNA synthesis. Only a relatively small effect on RNA synthesis was observed for the putative active site mutants of EAv NendoU (Fig. 3B) . Although, admittedly, sg RNA synthesis was affected to a greater extent than genome synthesis (see above), a much more pronounced effect would have been expected if NendoU were a key factor in nidovirus sg RNA production. Previous studies on other EAv replicase functions have shown that such specific effects can indeed be induced. For instance, deletion of the N-terminal replicase subunit nsp1 completely abolished EAv sg mRNA production without affecting genome replication 25 . Also, a Ser-2429→Pro mutation in the so-called "hinge region" of EAv nsp10, which connects the N-terminal (putative) zinc finger domain and the C-terminal helicase, resulted in an approximately 100-fold reduction of sg mRNA synthesis, while again genome replication was not affected 29, 33 . Compared to these examples, the defects in RNA synthesis observed for the viable NendoU mutants described in this study should be classified as relatively minor and less specific for the process of sg mRNA synthesis.
in conclusion, notwithstanding the viability of many mutants, the EAv NendoU motif in nsp11 is an important replicase domain, although the consequences of replacement of some of its core residues were less black and white than expected beforehand. Since specific NendoU mutants were found to be replication competent and genetically stable, it will be interesting to analyze their long-term evolution both in BHK-21 cells and in more natural settings like equine cell lines, in which such mutants may have a more pronounced phenotype. in addition, identification of the natural substrates of coronavirus and arterivirus NendoU and structural information on members of the XendoU/NendoU family will be essential for a better understanding of the mutant phenotypes described in this study.
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